To improve the diagnosis of classical rabies virus with molecular methods, a validated, ready-to-use, real-time reverse transcription-PCR (RT-PCR) assay was developed. In a first step, primers and 6-carboxyfluorescien-labeled TaqMan probes specific for rabies virus were selected from the consensus sequence of the nucleoprotein gene of 203 different rabies virus sequences derived from GenBank. The selected primer-probe combination was highly specific and sensitive. During validation using a sample set of rabies virus strains from the virus archives of the Friedrich-Loeffler-Institut (FLI; Germany), the Veterinary Laboratories Agency (VLA; United Kingdom), and the DTU National Veterinary Institute (Lindholm, Denmark), covering the global diversity of rabies virus lineages, it was shown that both the newly developed assay and a previously described one had some detection failures. This was overcome by a combined assay that detected all samples as positive. In addition, the introduction of labeled positive controls (LPC) increased the diagnostic safety of the single as well as the combined assay. Based on the newly developed, alternative assay for the detection of rabies virus and the application of LPCs, an improved diagnostic sensitivity and reliability can be ascertained for postmortem and intra vitam real-time RT-PCR analyses in rabies reference laboratories.
Rabies, the oldest and one of the most feared lethal zoonotic diseases known to humanity, is caused by different Lyssavirus species of the family Rhabdoviridae (31) . The classical rabies virus (RABV) is also referred to as genotype 1 and is widely distributed across the globe, with only certain regions and countries (e.g., western Europe, the United Kingdom, New Zealand, Hawaii, Australia, Japan, and Antarctica) being free from the disease, either historically or through successful eradication programs. The transmission of RABV is maintained in most parts of the world by omni-or carnivorous mammals, such as dogs, foxes, jackals, mongoose, skunks, raccoon dogs, and raccoons; in the Americas, RABV also is transmitted by a wide variety of bat species (24) . However, most human rabies cases occur in Africa and Asia, with an estimated 55,000 deaths per year (40) . Definitive rabies diagnoses in both human and animal samples rely on postmortem laboratory findings. The gold standard of both the WHO and the International Office of Epizootics (OIE) is the detection of lyssavirus antigen by the fluorescent antibody test (FAT) (8) . In animal samples from human contacts or with epidemiological relevance, virus isola-tion should be used as a confirmatory test for FAT-inconclusive and -negative samples (40) . With the advent of modern molecular techniques, reverse transcription-PCR (RT-PCR) was applied for virus characterization and the diagnosis of lyssaviruses based on the detection of virus-specific genetic material (28) . Classical PCR assays proved to be a sensitive and specific tool for routine diagnostic purposes (32, 33) , particularly in decomposed samples (7, 1, 39) or archival specimens (22, 3) . The rapidity and high sensitivity of the PCR technique also has offered new prospects of the intra vitam diagnosis of humans being superior to conventional techniques (6) . Viral RNA can be detected in several biological fluids and samples (e.g., saliva, cerebrospinal fluid, tears, skin biopsy, and urine), but serial sampling is needed because of the intermittent shedding of virus.
Various conventional, gel-based PCR protocols for the amplification of lyssavirus RNA fragments are available (11) . In generic pan-lyssavirus approaches, heminested (15) or fully nested assays are used (9, 13, 35) . However, gel-based systems used for the detection of amplified PCR products bear the risk of cross-contamination, especially when using (hemi)nested PCRs and do not allow the exact quantification of genome copies. Furthermore, there is no test for specificity included in the assay (2) . To overcome this, several methods have been developed for rabies diagnosis, including hybridization (28) , restriction fragment length polymorphism (RFLP), PCR-enzyme-linked immunosorbent assay (ELISA) (5) , in situ hybrid-ization (10) , and sequencing. The latter has become widely used, as the sequences obtained can be used for further genetic characterization (21) .
Only the use of fluorogenic probes allows the detection of sequence-specific templates in real time. Also, hybridization reactions provide specificity, and cross-contaminations can be largely avoided (14, 16) . Consequently, TaqMan RT-PCR assays were developed for various lyssavirus genotypes other than RABV (13, 19, 27, 37) .
In North America, TaqMan PCR assays to detect RABV either were comparable (29) or had a considerably reduced detection limit compared to that of heminested PCR (20) . A SYBR green real-time PCR also has been used as a method to improve intra vitam rabies diagnosis by testing the saliva of diseased persons (26) . Similarly, a real-time RT-PCR assay with TaqMan technology was developed by using sequences of rabies variants prevalent in Thailand, Myanmar, Cambodia, Indonesia, and India (36) . Orlowska and coworkers (27) compared a real-time PCR for RABV to a heminested RT-PCR method and found comparable sensitivity and specificity. The broadest approach was a real-time TaqMan RT-PCR for the detection and differentiation of several lyssavirus genotypes (4); however, there were limitations in the rapidity and specificity and the need for separate reactions. The technical constraints of this assay were overcome by a later approach using generic primers and genotype-specific probes in one reaction. This assay is able to detect and distinguish RABV and European bat lyssaviruses 1 and 2 (37) .
In this study, a different modified assay solely targeting RABV was developed. The designed assay was subject to validation as a single and combined assay with the protocol described by Wakeley and coworkers (37) .
To respond to demands in quality assurance and to test the functionality and robustness of the assays, different innovative internal process controls were included in this study. Artificial labeled positive controls (LPC) were designed, generated, and assessed to replace conventional positive controls that bring the risk of cross-contamination.
MATERIALS AND METHODS
Design of primers and probes. The alignment of the different RABV sequences was undertaken using the Genetics Computer Group software package (GCG, Wisconsin). Alignment-based primer and probe selection with a consensus sequence of 203 different RABV variants published in the NCBI GenBank was supported by the software package Beacon Designer 2.06 (Premier Biosoft, Palo Alto, CA). A total of 20 primers were selected, and 13 resulting primer pairs were screened for sensitivity on a limited panel of RABV (data not shown). Based on the C T values and the absence of comigrating bands after visualization in agarose gels, the assay R14 was selected as the most promising. All oligonucleotides (Table 1) were synthesized by Eurofins MWG, GmbH (Ebersberg, Germany), and stored at Ϫ20°C until use.
Generation of LPC and testing of analytical sensitivity. For the construction of the labeled positive controls (LPC), long oligonucleotides were synthesized by Eurofins MWG, GmbH (Ebersberg, Germany), and used as the template for the generation of the artificial RNA ( Table 1 ). The in vitro-transcribed LPC RNA was produced using the Riboprobe T7 system (Promega, GmbH, Mannheim, Germany) and purified using the miRNeasy mini kit (Qiagen, Hilden, Germany), including a second on-column DNA digestion (RNase-free DNase set; Qiagen, Hilden, Germany). The concentration of the LPC in vitro RNA was determined by spectrophotometry (Nanodrop; PEQLAB Biotechnologie GmbH, Erlangen, Germany), and the exact number of RNA molecules was calculated using the formula (X g/l RNA/[transcript length in nucleotides ϫ 340]) ϫ 6.022 ϫ 10 23 ϭ Y molecules/l.
The stock solutions of the in vitro-transcribed RNA were stored at Ϫ80°C, and 
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NEW RT-PCR ASSAY FOR RABV DETECTION 3971 the diluted working solutions were stored at Ϫ20°C. Using the working solutions the analytical sensitivity of the real-time RT-PCR assays was determined by testing R13 and R14 LPC standard RNA diluted serially 10-fold. Samples, viruses, and cells. RABVs, Lagos bat virus (LBV), Mokola virus (MOKV), Duvenhage virus (DUVV), European bat lyssavirus 1 and 2 (EBLV-1 and EBLV-2), and Australian bat lyssavirus (ABLV) were obtained from the archive of the National Reference Laboratory for Rabies, located at the Friedrich-Loeffler-Institut, Wusterhausen, Germany. Brain homogenates from original samples or from mice after inoculation were used. For a few archived viruses, tissue culture supernatant was used ( Table 2) . For the latter, viruses were cultured using murine neuroblastoma cells (NA-cells; cat. no. 229; Collection of Cell Lines in Veterinary Medicine [CCLV], Insel Riems, Germany) as described previously (38) . Brain samples from 12 different species that tested negative by FAT were used as negative controls.
RNA extraction. Viral RNA was extracted from cell culture using the QIAamp viral RNA kit (Qiagen, Hilden Germany) or RNeasy kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. After the column was washed twice with the appropriate buffer, RNA was eluted using 50 l elution buffer and stored at Ϫ80°C until use.
TaqMan real-time RT-PCR. To minimize the risk of cross-contamination, a one-step reverse transcription-PCR (RT-PCR) (RT-PCR) protocol was carried out using the commercially available QuantiTect probe RT-PCR kit (Qiagen, Hilden, Germany) or the RNA UltraSense one-step quantitative RT-PCR system (Invitrogen, Carlsbad, CA). The real-time RT-PCR assay with the Quanti-Tect probe RT-PCR kit was optimized using a total volume of 25 l. Briefly, for a single well, 5.25 l RNase-free water, 12.5 l 2ϫ QuantiTect probe RT-PCR master mix, 0.25 l RT mix, 5.0 l of prediluted RNA, and 2.0 l primer-probe mix R13 or R14 was mixed. In combined assays, 1 l of each primer-probe mix R13 and R14 was used. Based on stock solutions of the primer and probes of 100 pmol/l (100 M), the two different primer-probe mixes were created. For the newly developed assay R14, 20 l of the relevant forward and reverse primer, 2.5 l of the 6-carboxyfluorescein (FAM)-labeled R14 rabies probe, and 2.5 l of the Cy5-labeled positive-control probe were mixed in 155 l 0.1ϫ Tris-EDTA (TE) buffer. Thus, a final concentration of 10 M each primer and 1.25 M each probe was combined in the R14 primer-probe mix. For the R13 primer-probe mix, identical concentrations with the relevant primers and probes were established.
The reactions were carried out either on an Mx3000P/Mx3005P multiplex quantitative PCR system (Stratagene, La Jolla) or on a LightCycler (Roche Diagnostics, Mannheim, Germany). The RNAs were reverse transcribed and amplified according to the following heating and cooling program: 1 cycle of 50°C for 30 min and 95°C for 15 min, followed by 42 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s. In the LightCycler, while keeping the same temperature regimen, the number of cycles was set at 45 and the duration time for each cycle step was 20 s. For each RT-PCR, a critical threshold cycle number (C T ) was determined corresponding to the PCR cycle number at which the fluorescence of the reaction exceeded a value determined to be statistically higher than the background by the respective software associated with each system.
To estimate the reproducibility of the assays, most samples (N ϭ 69) were run twice with R13, R14, and the combined assay on an Mx3000P (FLI, Riems, Germany), LightCycler 1.0 (FLI, Wusterhausen, Germany), and Mx3005P (DTU, Lindholm, Denmark). The data were transferred into an Excel spreadsheet (Microsoft), and the resulting graphs and correlation coefficients (of determination) were calculated.
Sequencing.
A selection of samples that tested negative in real-time RT-PCR with either the developed assay (R14) or the previously described one, R13, with the RABV protocol from Wakeley et al. (37) , were retested with a conventional RT-PCR as described before (15) . Resulting amplicons were subject to the sequence analysis of the partial N gene essentially as described previously (21) .
RESULTS

Development and validation of the new R14 real-time RT-PCR for RABV. (i) Primers and probe.
In a first step, 203 sequences of the conserved N gene of different rabies virus strains were used for the creation of a consensus sequence and the identification of highly conserved sequence regions. Besides the genome region used by Wakeley et al. (37) , only a few nucleotides downstream make a suitable region for the design of alternative primers, and a respective hybridization probe was chosen. The newly selected primers amplified a fragment of 87 bp in size (Table 1) .
(ii) Construction of the LPC. Long oligonucleotides (oLPC) were used as the template for the preparation of labeled in vitro-transcribed artificial positive control RNA (LPC). The LPC RNAs were tagged by an additional binding sequence for an extra probe (LacZ-Cy5). The LacZ-Cy5 probe was integrated into the R13 and R14 primer-probe mixes ( Table 1 ). In the case of the amplification and detection of RABV RNA, no binding of the LacZ-Cy5 probe can be observed. In contrast, the analyses of LPC-RNA produce RABV-specific FAM signals as well as the tag-specific Cy5 fluorescence. The principle of the LPC is depicted in Fig. 1 . Based on the equimolar concentration of the probe binding sites for the RABV and LacZ probes, nearly identical C T values can be observed ( Fig. 2) .
(iii) Analytical sensitivity and specificity. Using a series of 10-fold dilutions of LPC RNA, it could be verified that the R13 and R14 real-time RT-PCR systems, as well as the combined assay, amplified the control RNA in a linear fashion from 10 7 copies per well down to less than 10 copies per well with an PCR efficiency of more than 90% (Fig. 2 ). Identical high PCR efficiencies were calculated using an RNA dilution series of different RABV strains (see Fig. S1a and b in the supplemental material).
The analytical specificity of the R14 assay was assessed by in silico BlastN searches. Only the forward primer of the R14 systems showed partial identity with EBLV-2, whereas the reverse primer and the R14 probe did not show any significant similarity with other pathogens or housekeeping genes. The specificity of the R14 assay was confirmed by the analysis of related lyssaviruses.
(iv) Diagnostic sensitivity and specificity. Of 93 brain samples or virus isolations from initially FAT-positive animals, 80 tested positive by the R14 assay. Samples that tested negative originated from India, Pakistan, Afghanistan, and Nigeria ( Table 2 ). Furthermore, none of the negative-control samples, or any of genotypes other than RABV, gave a result above the threshold indicative for the presence of RABV-specific RNA (data not shown).
(v) Reproducibility. The reproducibility was very high (Fig.  3) . The corresponding coefficient of determination (R 2 ) was 0.9904.
(vi) Integration of internal controls. For checking the functionality of the RNA extraction as well as the inhibition-free amplification of the R14 fragment, two different internal control (IC) systems were assessed, i.e., the beta-actin housekeeping gene system described by Wakeley et al. (37) and the external universal control system based on in vitro-transcribed enhanced green fluorescent protein RNA (18) . Both IC systems used HEX (hexachloro-6-carboxyfluorescein)-labeled hydrolysis probes for the detection. The comparison of the single R14 assay to the duplex R14/IC assays showed similar analytical sensitivities for both systems (data not shown).
Comparison of the developed assay (R14) to a published assay (R13). The specificity of the R13 assay (37) was evaluated using the same panel of samples as that used before. In this study, of 93 samples 85 tested positive by the R13 assay. Eight samples were negative or gave inconclusive results in the different laboratories (did not score as reproducibly positive), 3972 HOFFMANN ET AL. J. CLIN. MICROBIOL. (Table 2) . Overall, a high reproducibility was observed, with R 2 ϭ 0.9963. None of the negativecontrol samples gave a result above the threshold indicative for the presence of virus-specific RNA. In addition, the R13 assay showed reactivity with one ABLV isolate (data not shown); however, these data have to be verified using additional isolates of the same genotype. When combining both assays in a single mix, all initially positive samples with either method also scored positive ( Table  2 ). The reproducibility of the novel combined R13/14 assay was determined as R 2 ϭ 0.98 (Fig. 3) .
Sequence comparison. Selected sequences of samples that tested negative in either assay were aligned and compared to the sequences of primers and probes. The R14 assay did not detect strains belonging to the Arctic-like viruses from India, Pakistan, and Afghanistan (23) . Also, two Nigerian RABVs belonging to the lineage Africa 2 were not detected with R14. Sequence comparison showed that Arctic-like sequences had up to three nucleotide differences compared to the sequence of the reverse primer RABV-N_R and also three nucleotide differences from the probe (Fig. 4b ). For the same isolates, the primer and probe binding regions for the R13 assays revealed only one mismatch in the probe binding region (Fig. 4a ).
An isolate from Chile (13250) that did not yield a C T value with the R13 assay had two mismatches in the probe binding region (Fig. 4a ), while the nucleotide sequence of the same isolate only has one mismatch within the forward primer of the R14 assay (Fig. 4b ).
DISCUSSION
In this study, we developed and validated a specific and sensitive real-time RT-PCR for the detection of RABV, compared it to a published assay (37) , and improved the performance of the assays by the combination of both primer and probe sets as well as by the introduction of labeled positive controls (LPC).
Generally, the use of fluorogenic probes as detection systems for PCRs have improved the analytical sensitivity due to very short amplification products, which result in increased specificity and the prevention of cross-contaminations through the absence of post-PCR handling. The rapidity of the test, with results obtained in real time by obviating gel electrophoresis, offers the possibility to provide timely information to the relevant authorities.
As the R14 diagnostic assay can detect less than 10 genome copies/well, it represents a valuable tool for intra vitam diagnosis. A further advantage of real-time PCR techniques is the possibility to quantify viral RNA in real time, giving a relatively quick and reliable method for measuring the levels of viral RNA. Since the assay has proven reproducibility ( Fig. 3) , it is suitable for experimental infection studies with RABV inves-tigating the spread of the virus and its accumulation in various tissues.
Both investigated assays had limits to detect some of the RABVs in the panel. Specifically, the newly developed RT-PCR (R14) did not detect RABVs of the Arctic-like lineage from Asia and viruses from Nigeria (Africa 2) ( Table 2) . It was demonstrated before that the number of sequence mismatches between primer and probe sets and target sequences of rabies viruses significantly affects amplification and detection (20, 37, 25) . In this case, sequence analysis showed that both probe and reverse primer sequences were different from the sequences of this lineage (Fig. 4) . In contrast, the R13 assay had only one nucleotide difference from the Arctic-like viruses and hence resulted in good performance. The opposite is the case for RABVs from Chile. These samples exemplify that the assays complement each other in combination, which could be shown practically with the combined R13/14 assay. Overall, all FATpositive samples were confirmed as positive using the combined real-time RT-PCR assay. During the development and validation of the combined assay, an RABV and sequence panel with wide geographical and phylogenetic variation were used. Also, with the previously published R13 RT-PCR being revalidated with a different virus panel, in total more than 130 virus isolates were successfully tested. In conclusion, it appears likely that this combined assay will detect RABV strains occurring worldwide.
Generally, a combination of two assays targeting different locations on the genome will limit the chance of false negatives tremendously. Furthermore, by choosing a similar fragment size and similar specifications for primers and probes (Table  1) , a combination as multiplex or parallel assays gives diagnosticians many options for implementation on various PCR machines.
The approach of a combined version of primer and probe sets to overcome the diversity among RABVs previously has been applied to improve intra vitam human rabies diagnosis (25) . Using a collection of representatives of the world-wide diversity of RABV, all three primer-probe sets were shown to detect a wide range of RABV strains with very few detection failures (25) . In fact, the most successful primer-probe combination was a slightly modified version of the Wakeley protocol for RABV (25) , indicating that assays can and should be improved and revalidated when more sequence data are available.
The diversity of RABV is important, especially for reference laboratories for rabies. International travel leads to possibilities for people to have contact with various RABV variants (12) . Also, companion animals often accompany passengers, thus there is a need for reference laboratories to provide fast and reliable results for subsequent decision-making by public and veterinary health authorities. For this purpose, sensitive, specific-but-broad-spectrum assays such as the one described here should be applied. Other published real-time RT-PCR assays have been validated using small numbers of RABV strains only (29, 20, 27, 36) , thus their use for international reference laboratories needs additional evaluation.
A further advantage of RT-PCR is that RABV RNA can be detected in a range of biological fluids and samples (e.g., saliva, cerebrospinal fluid, tears, and skin biopsy samples). Generally, RT-PCR has been reported to confirm rabies diagnosis intra vitam in suspect human cases, when conventional diagnostic methods have failed and postmortem material is not available (11) . Owing to the intermittent shedding of virus, negative results should not be used to exclude a diagnosis of rabies. However, diagnostic sensitivity is of eminent importance for intra vitam diagnosis. Because of the high sensitivity of the real-time PCR described here, this technique offers a potential use in this diagnostic scheme, as demonstrated earlier with a SYBR green real-time PCR assay (26) .
At present, no recommended standard protocol for rabies diagnosis using RT-PCR has been published by the OIE or WHO. Since both generic approaches as well as specific PCR assays targeting lyssavirus genotypes or even variants have advantages and limitations, a cascade-type diagnostic procedure for rabies PCRs would be preferable, as described for the diagnosis of other viral diseases (17) . A pan-lyssavirus or even a pan-rhabdovirus PCR assay could be combined with morespecific and -sensitive genotype-specific real-time PCRs or even variant specific real-time PCRs to confirm each other, allow genotyping, and obtain epidemiologically relevant information in real time. In this respect each single assay must be validated.
Besides the fully validated target assays, the functionality and robustness of molecular genetic tests can be increased by the application of innovative control systems. Internal process controls (e.g., beta-actin gene) check the efficiency of total RNA extraction as well as the inhibition of free amplification (37, 34) . The disadvantage of such housekeeping gene systems is the inconsistent RNA load in different sample materials. Thus, a reduced sensitivity of the target assay based on partial inhibition is unlikely to be identified. In such cases the amplification of an external control using a defined amount of heterologous in vitro-transcribed RNA (18) can be helpful. The newly designed R14 assay was successfully combined with two published control assays (37, 18) , and the combined systems can be used routinely. Furthermore, the R14 system seems sufficiently robust for the implementation of alternative internal control systems generally used in the different laboratories (e.g., commercial IC).
An important advantage of the real-time RT-PCR technology is the minimizing of cross-contamination based on the amplicon detection without opening the lid of the reaction tube. Nevertheless, the accidental removal of the lid or seal can be responsible for the spreading of amplicons. Furthermore, during pipetting, handling positive controls or standards is necessary. Therefore, an easy way to generate a labeled positive control without any cloning steps was developed. Based on a synthetic oligonucleotide, including the primers and probe for the target assay and a T7 promoter site, extensive quantities of in vitro-transcribed RNA was produced. To tag the in vitro transcript, an additional probe binding site was introduced into the LPC. The tag-specific probe integrated in the master mix can hybridize only with the LPC, and only then can the tagspecific fluorophore be detected during amplification. A similar approach has been described by Snow et al. (30) . In general FIG. 4 . Details of binding sites for two isolates, 13250 (Chile; GenBank accession no. HQ116829) and 20277 (Afghanistan; GenBank accession no. HQ116830), that were not detected by the R13 assay (a) or by the R14 assay (b). Differences are indicated. The sequence of SAD B19 (M31046) was included for better visualization. these authors used the same strategy, but they cloned the tagged positive control prior to in vitro transcription. Here, a simplified protocol for the more-rapid generation of LPC without a cloning procedure is presented. This simple protocol should support the construction and application of LPC for increasing the diagnostic safety of molecular rabies diagnostics. In general, the implementation of LPC can play an important role for the further harmonization and standardization of realtime PCR assays.
The lack of standardization, quality issues like contamination or false-negative results, and the varying reliability of PCR results in many laboratories, especially in developing countries, have been obstacles to the general use of PCR for rabies diagnosis. Therefore, the WHO does not currently recommend this technique for the routine postmortem diagnosis of rabies (40) . However, with the accreditation of quality control measures being implemented in a growing number of laboratories worldwide, recommended PCR methods may become available. Such quality controls for diagnostic rabies PCRs should encompass several measures, e.g., the inclusion of appropriate positive (LPC), negative, and inhibition controls in assay runs. The consistency and the interassay reproducibility also should be ensured over time by monitoring the performance of the assay rigorously. If PCR is applied for epidemiological surveys, positive results should be confirmed by conventional virological techniques. In most national and international legislatures, only the detection of virus or viral antigen leads to the confirmation of a rabies case and thus to subsequent control measures. Also, the isolation of viable virus provides further possibilities to study the characteristics of this particular strain.
Only if laboratories meet the required standard (40) can the PCR and, especially, real-time PCR offer its full potential as a confirmatory diagnostic test, especially in decomposed or intra vitam samples.
